Synchronous macrophotography, high-speed video filming, hydro-acoustic and air acoustic data were used to investigate physical processes initiated by the impact of free falling droplet on the surface of a fluid at rest. Planning of the experiment was carried out on the basis of fundamental equations. In the experiments, the droplets of colored water, milk, mineral oil, and seed oil fell in pure or colored water. Emphasis was placed on recording the pattern of the drop material spreading over the surface of the targeted fluid and a fine structure of acoustic signals. Traces of impacting droplets (sprays) were for the first time recorded on the surface of a submerged drop. The droplet material is concentrated on the surfaces of the cavity and crown in short thin fibers forming a regular linear or cellular patterns. The cell rows are ordered in the form of echelons separated by circular boundaries. A high frequency impact pulse and delayed secondary ones were recognized both in hydrophone and microphone signals. Generation of sound are operated by processes of formation, separations and oscillation of gas cavities with irregular forms.
Introduction
Experimental studies of a cascade of physical processes, such as deformation of a free surface, ejection of back jets into the air, formation of the emerging cascade of vortices into the inner volume of the liquid, accompanying the impact of a freely falling droplet on the surface of a liquid at rest, which began at the end of the 19th century [1] , are developed with the progress in experimental techniques. Creation of precision cameras, high-speed film and video recording [2, 3] helps revealing new details of processes and their manifestation in problems of acoustics, hydroacoustics [4] and physics of the environment. In recent years, the focus of field studies has been on measuring acoustic ocean noise for assessing the hydrometeorological situation (precipitation rate, sea state, and wind speed) in remote water areas. It was found experimentally that resonating gas bubbles are one of the sources of underwater rain noise. This stimulated laboratory studies on the hydroacoustics of individual drops. Broadband high-sensitivity hydrophones were used to determine the complex shape of acoustic signals. The amplitude, frequency, duration, and envelope shape of the primary acoustic packets initiated by a drop impact have been studied in detail experimentally not only in water, but also in air [4] .
The results on the droplet impact studies are used to improve the efficiency of drop-in technologies in the chemical, petrochemical [5] and biochemical industries, cooling by droplets in terrestrial and space conditions, optimization of fire extinguishing techniques, analysis of the mechanisms for the drop-over exchange of mineral and organic substances, (viruses, microbes) between liquids and gases in laboratory and natural conditions [6] .
Further development of the experimental technique made it possible to clarify the properties of fine phenomena caused by the drop in a liquid, in particular capillary waves on the surface of a cavity and a crown [7] , vortex rings and secondary jets [1] , and to distinguish a number of new ones. These include the capture of air cavities during drop impact [8] , which play an important role in the processes of sound radiation; shocks of emitted microdrops (sprays) on the surface of the submerged drop; the formation of a fine geometric structure of the deforming free surface and inhomogeneities in the distribution of the substance of the coloured droplet in the targeted fluid.
A review of the published literature (not limited to the papers cited above) shows that extensive research on drop hydrodynamics is carried out together with studies of the structure of acoustic pulses. The results of combined optical and acoustic measurements have made it possible to clarify the process dynamics and mechanisms of sound emission. Although a great number of experiments have already been carried out, the obtained data are still insufficient for a detailed description of the complex pattern of interrelated acoustic and hydrodynamic processes.
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The goal of this study is to perform a consistent optical and acoustic examination of hydrophysical and acoustic processes initiated by a free falling water droplet impact on a thick liquid layer. The spatial structure of the pattern of the submerging drop material being transformed over the evolving surface of the targeted fluid in the process of the formation and breakup of the cavity and the crown was investigated. Flow patterns were recorded with a high-resolution photo and video cameras synchronized (via a specialized interface) with a microphone and a hydrophone. The parameters of instruments were set taking into account the results on problem scale analysis based on the set of fundamental governing equations [9] with conventional kinematic and dynamic boundary conditions on the phase contact boundary.
Conventional spatial-temporal scales and dimensionless ratios
The considered acoustic and hydrodynamic processes develop as a result of contact and subsequent coalescence of a water droplet (free-falling from height a H ) with diameter D , surface area S , volume V , available potential surface energy s E S = σ ( σ is the surface tension coefficient), mass M and a deep water layer with depth w H . At the moment of contact, the droplet is moving with velocity U and kinetic energy 2 / 2
. The drop shape, which plays a critical role in the droplet coalescence process, depends on a number of uncontrolled factors (particularly, volume and surface oscillations exciting at the moment of the droplet detachment) and results in interaction of falling drop with the surrounding air. The processes of the droplet coalescence with the targeted fluid are effectively governed by the properties of three contacting media with their own thermodynamic parameters (density ρ, pressure P, and temperature T) and the coefficients of kinematic viscosity ν and surface tension at interfaces. In order to simplify the analysis, the influence of the air medium is neglected, and temperature T of all media is assumed to be constant (equal to room temperature).
The problem is characterized by a large number of spatial and temporal scales. 10 − s respectively. The upper limit of the linear scales is typical for mechanical processes, while the smallest one is close to sizes of atomic-molecular clusters. In general, the large linear scales set the requirements imposed on size of observation domain, while the smallest ones define spatial and temporal resolutions of experimental instruments used and programs for data processing.
The importance of small-scale phenomena caused by the high energy density at small molecular scale and its short-time transformation to other forms, particularly in heat and pressure fluctuations, and the kinetic energy of movement. Thus, the value of available surface potential energy caused by anisotropy of molecular interaction of surface and thin subsurface layer near a contact boundary of gas-fluid or different immiscible fluids for a typical drop differs only a few percent from the kinetic energy, while its density is 40
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Ratios of the scales define a set of dimensionless combinations which were used, particularly, in the previously published papers. Conventional set of characteristic dimensionless parameters includes the . The effects of the mentioned ratios on the structure and dynamics of the processes induced by the droplet impact in a fluid were not previously analyzed.
Techniques of experiments
The experiments were performed on the TBP and ESP setup of Unique experimental facilities "HPhC IPMech RAS" for studying the fine structure of rapid processes in stratified and homogeneous fluids in the Institute for Problems in Mechanics of the Russian Academy of Sciences. The targeted fluid was placed in different glass reservoirs, and a dropper was mounted at a height H from the surface of the targeted fluid. Light-scattering and reflecting screens were mounted above the basin illuminators in order to increase the illumination and protect the region of the drop/fluid contact from the external factors (heating and air flows). The 1kW ReyLab Xenos RH-1000 illuminators and the Optronis MultiLED lightemitting diode with the light flux of 7700 lm were used. The flows were recorded by the Optronics CR3000x2 video camera and the Canon EOS350Dstill camera. Acoustic signals were detected in air by microphone 1 (RFT MV-101 with an operating band of 0.02-40 kHz) and underwater by hydrophone (GI-51 with an operating band of 0.002-100 kHz). The signal for turning on the camera in the chosen stage of the contact was given with a controlled delay by an original control unit implemented on a microcontroller with a quartz resonator with the resonance frequency of 16 MHz and the tuning accuracy of ±50 Hz. The unit was turned on, when the falling drop crossed the focused laser beam. The range of the controlled signal delays from 1 µ s to 10 s made it possible to trace the details of the flow pattern in different stages of the process over a wide range of the drop fall heights. An original multichannel interface was used to control the experiment, synchronize the data acquisition, and process the measurement data. This interface performed data conversion, preprocessing, and transfer to the computer at a rate as high as 10 MHz.
In the experiments, the initial stage of the contact and the submerging of drops of ink solution, milk, colored seed oil, and mineral oil in the water was recorded. The droplets with diameter of D = 0.3÷0.5 cm freely fell in the air from the height H = 40÷60 cm. At the moment of the contact, their velocity was U=2÷3 m/s that corresponds to the regime of the formation of a clearly manifested reverse (cumulative) jet. The geometric parameters of the flow were determined by photometric methods using a standard grid with step of 10 mm for scaling. The data were processed using the special programs of the Matlab software.
Fine flow structure in the targeted fluid
The primary contact of the drop with the surface of the targeted fluid initiates process of a thin annular lamella surrounded with a regular family of thin radial jetlets (streamers) ejection. Forming the tips of the streamers, a sequence of small fast droplets (spray) are ejected in radial direction for both water and diluted ink drops (Figure 1, a, b) and others contacting fluids. The velocity of these droplets exceeds that of the impacting drop. The droplets acceleration manifests an impact of additional local source of energy supplementing kinetic energy of the impacting drop. The additional energy increases during annihilation TOPICAL PROBLEMS OF FLUID MECHANICS 41 _______________________________________________________________________ of the free surface and release of the available potential surface energy (the Gibbs energy). The process of the streamers ejection is rather long and is continuing during the whole phase of the drop plunging. This supports ejection of the droplets from the streamers' tips during formation of a tooth of the crown chevron, even when the drop is dipped below the water level (Figure 1, c, d ). The clean images of the bottom scaling grid confirm a high stability of the rear part of the plunging droplet. k ω = γ . At the same time, estimations of the velocity of the incoming secondary droplets show that its value (~10 m/s) exceeds the velocity of the primary drop. Additional acceleration of the spray droplets is explained by action of releasing the available surface potential energy in vicinity of the contact line of merging fluids. The mechanism for the surface energy realizing is acting during the whole process of the initial droplet plunging. Initially, the contact line is expanded and moves on the smooth extended surface of deepening cavern. However, when the rear part of the droplet is plunging the contact line moves to the cavern surface on the perturbed fluid and both processes of droplet surface elimination and new one of the targeted fluid surface formation take place.
The primary contact of a drop of an ethanol solution of brilliant green with the water surface is accompanied by the ejection of thin streamers and sprays from the contact area of the fluids (Figure 3, a) . Here, groups of 11 streamers, consisting of two fibres of an average thickness of 0.02 cm (spaced from each other at distances of 0.017 cm), are located at a distance of 0.04 cm.
The submerged drop forms a cavern and an annular ring on the surface of the targeted fluid (Figure 3 , b) with pointed teeth on the upper edge (chevron). There are small droplets (sprays) which rapidly fly out from the tops of the teeth. The substance of a droplet on the chevron surface is concentrated in thin long fibre filaments separated by slightly coloured intervals. Zoomed images show that some thick strips consist of a set of superfine fibres. There is one coloured fibre filament or a group of fibres which approaches each tooth of a chevron or streamer flying in the radial direction (in the most cases, to its centre, but in some cases to the edge or even between the teeth). As the depth of the cavern and the height of the chevron increase, the pattern of flow with line structures becomes more regular. In the flow pattern corresponding to a time of 0.5 ms, the coloured strips formed by the two closely spaced fibres become even more pronounced, with some double strips TOPICAL PROBLEMS OF FLUID MECHANICS 43 _______________________________________________________________________ not being resolved by the optical system. At the surface of the crown at 0.5 ms, 15 filaments are registered, among which 6 ones are double. The thickness of the filaments varies from 0.01 to 0.03 cm. Spectral peaks are isolated on the scales 0.038, 0.072, 0.088, 0.13 and 0.26 cm. Some double fibres merge in the teeth of the chevron of the crown (8 teeth are located at distances from 0.09 to 0.17 cm).
The number of coloured strips does not change with the development of the crown (Figure 3, c, d ): 14 bands 0.015-0.04 cm wide are located at distances from 0.012 to 0.077 cm. With increasing density of uniform colouring of the surface of the crown, the fibre boundaries are blurred in some areas. There are larger secondary drops which continue to fly from the tops of the teeth chevron (6 teeth at a distance of 0.14 cm). The chevron edge is unevenly coloured; a large pigment concentration is observed in the tooth region. Intermediate areas are slightly or not coloured at all.
Figure 4: Evolution of the discrete structure of droplet substance pattern of the over the surface of the cavity formed by immersion of a drop of alizarin ink falling from a height of H = 100 cm into water (the stroke length is 1 cm, the image scale remains unchanged): a -f) -t = 2.2, 4.4, 9.4, 12.7, 17.2, 30.3 мс A system of short capillary waves propagates downward from chevron along the crown (Figure 3 , d, e, f). The crown gradually breaks down, the chevron teeth being smoothed, and the wavelength of the capillary waves on the crown surface, which make the contribution into the light intensity distribution during photometry along the crown surface, increases.
Secondary flows in the crown gradually destroy the regular pattern of the fibres arrangement, which become oblique and break up into individual areas separated by clean areas. The number of entire coloured bands is gradually reduced (at 3 and 4 ms are 8 and 5 bands). Horizontal photometry at halfheight of the crown allowed to distinguish 24 painted areas with an average width of 0.024 cm (Figure 3 , d, t = 4 ms).
The registration of the flow pattern at a large angle to the horizon (70º-75º) helps to visualize the discrete spatial structure droplet matter positioning along the bottom of the cavity. In the photos presented in Figure 4 , drop of an aqueous solution of alizarin ink with a diameter D = 0.42 cm freely fell into a deep layer of pure water from a height H = 100 cm. As the drop is plunged in the targeted fluid and the diameter of its contact line on the cavity bottom increases, the droplet fluid sprayed along a smooth
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At later times, the contact line moves along the perturbed surface. In this case, the character of the flow pattern changes: the filaments containing the droplet substance form on the inner surface of the cavern a multi-tiered mesh pattern (here four tiers) consisting of three-, four-and five-sided cells [18] . The bottom of the cavity is covered with a continuous layer of the ink, in which more brightly coloured fibres forming a network structure can be traced (Figure 4, c, d) .
With a time, the pattern of the dye filaments over the walls of the cavity becomes more complicated. On the smoothed upper edge of the crown both dyed and clean parts are observed. The inner surface of the cavity is covered with a diffuse layer of the ink, in which the coloured fibres are kept (Figure 4, e, f) .
The discrete filaments character of the soluble impurities patterns along the surface of the cavity and the crown was observed in all the experiments (more than 500) with droplets of various sizes over a wide range of droplet diameters and impact velocities.
The fibre pattern of the coloured drop substances is kept in targeted fluid on all further stages of the flow pattern evolution including the decay of the cavern and crown and formation of shallow depression with irregular sectoral bottom ribs surrounded by a set of divergent ring capillary waves. Gradually, in the centre of the cavity, a reverse thick (cumulative) jet is formed, which ejects single drops or whole series of drops with increasing diameter, comparable in size to the initial drop. Further, the jet of the cumulative trickle settles and pushes a new conical cavity. Gradually, the drops ejected by the jet return and, interacting with the uneven finned rupture of the central cavity, generate separate rapidly moving bubbles and whole families of bubbles. Separation of bubbles is often accompanied by the emission of sound packets. The collapsing cavity generates a new, thin, rapid jet in the air (streamer), which emit separate small droplets, falling back into the receiving fluid. And only after the end of the cascade of fast processes, the heavier drop liquid, gathered in a compact volume, begins to submerge, forming a circular vortex. While descending vortex gradually transforms into a cascade of vortex rings which dynamics have been studied since the end of the twentieth century [1] .
Emitting of acoustic pulses
In the typical phonogram presented in Figure 5 the initial signal represents pulse I with a steep positive leading edge that arises at the moment the falling drop contacts the undisturbed water surface, simultaneously with ejection of a thin splash sheet and streamers with secondary droplets. The short sharp ascending edge is followed by a long decay with the change in sign of the signal from positive to negative. In this region, the pressure variation has both a hydroacoustics and hydrodynamics nature, since a hemispherical cavern produces a reduction in the hydrostatic pressure. The subsequent increase in the signal corresponds to passage of the front of a ring-shaped residue of the crown. The local maximum is followed by weak signal fluctuations.
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Sound pulse emitted by resonating bubbles arises with time delay governed by hydrodynamic processes of secondary drops production and comes back to targeted fluid to produce separation of the formed gas bubble. The parameters of the pulses registered both by underwater hydrophone and aerial microphone confirms that sound in both media was produced by the same source, i.e. the frequencies of both signals were the same and the time delays are consistent with the time of sound propagation from the region of contact of the primary drop to the microphone.
Under fixed experimental conditions, the pattern of emission and the parameters of acoustic packets varied considerably from one experiment to another. One of the probable reasons for this is the shape variability of a drop contacting the free surface. The experiments showed that intense natural oscillations and short capillary waves, which affected the interaction between a drop and the airstream, were excited on a water drop surface upon its detachment.
Conclusion
The high-resolution photography, acoustics and hydroacoustics instruments were applied to investigate synchronously the flow pattern of the transfer of colored drop material over the continuous surfaces of the cavity and the crown and generation of sound signals in the targeted fluid and in the air (water). It was revealed that at the initial stage of the colored drop fluid plunging fiber structures are formed on the surfaces of the cavity and the crown.
The flow pattern becomes more complicated with time, the netlike structures of the ink pattern over the cavity bottom being registered.
The acoustic signals initiated by a drop impact propagate both in water and air and consist of high frequency shock pulse and delayed low frequency pulse.
The discrete dye pattern on the continuous crown and cavern surfaces, as well as sound generation by oscillating bubbles, are attributed to the rapid release of the available potential energy during the fast annihilations of the parts of the fluid surface. Prague, February 21-23, 2018 _______________________________________________________________________
